No transient electromagnetic emission has yet been found in association to fast radio bursts (FRBs), the only possible exception (3σ confidence) being the putative γ-ray signal detected in Swift/BAT data in the energy band 15-150 keV at the time and position of FRB 131104. Systematic searches for hard X/γ-ray counterparts to other FRBs ended up with just lower limits on the radio/γ-ray fluence ratios. In 2001, at the time of the earliest discovered FRBs, the BeppoSAX Gamma-Ray Burst Monitor (GRBM) was one of the most sensitive open sky γ-ray monitors in the 40-700 keV energy band. During its lifetime, one of the FRBs with the highest radio fluence ever recorded, FRB 010724 (800 ± 400 Jy ms), also known as the "Lorimer burst", was promptly visible to the GRBM. Upon an accurate modeling of the GRBM background, eased by its equatorial orbit, we searched for a possible γ-ray signal in the first 400 s following the FRB, similar to that claimed for FRB 131104 and found no significant emission down to a 5σ limit in the range (0.24-4.7) × 10 −6 erg cm
INTRODUCTION
Fast radio bursts (FRBs) are ms-long bright pulses of unknown origin characterized by a dispersion measure (DM) significantly in excess of the corresponding Galactic value (Lorimer et al. 2007 ; Thornton et al. 2013) . A large DM value, due to a relatively large electron column density integrated along the sightline, strongly hints at an extragalactic origin. Despite the high all-sky daily rate of several thousands (e.g., Rane et al. 2016; Crawford et al. 2016; Scholz et al. 2016) , only ∼ 80 FRBs have been publicly announced so far (as of July 2019; Petroff et al. 2016) . This is mainly due to the relatively narrow fields of view (FOV) of most of the radiotelescopes that first observed them, although the discovery rate is now ramping up thanks to a new generation of wide FOV experiments that have recently come on stage. The majority of them appear to be one-off events, except for a couple of them CHIME/FRB Collaboration et al. 2019) . See Petroff et al. (2019a) ; Katz (2018) ; Popov et al. (2018) ; Rane & Lorimer (2017) for updated reviews.
Affected by several arcmin positional uncertainty, FRBs so far defied any search for either prompt simultaneous or afterglow transient emission at other wavelengths that would help identify their host galaxies, measure the distance, constrain the radiation mechanism and the nature of the progenitor. There are a few exceptions: FRB 121102, whose host was found at a redshift of z = 0.193 (Tendulkar et al. 2017) , which is also one of the two repeating sources: it was precisely its repeating nature that made it possible to localize with sub-arcsec accuracy during interferometric radio observations (Chatterjee et al. 2017) . Recently, the redshifts of two other non-repeating FRBs have been determined: FRB 180924 at z = 0.3214 (Bannister et al. 2019) and FRB 190523 at z = 0.66 .
A possible (3σ confidence) γ-ray ∼ 400-s long transient source, Swift J0644.5-5111, positionally and temporally compatible with FRB 131104 was reported by DeLaunay et al. (2016, hereafter D16) in the 15-150 keV band within the data of the Burst Alert Telescope (BAT; Barthelmy et al. 2005) aboard the Neil Gehrels Swift Observatory (Gehrels et al. 2004) . The possibility of a gamma-ray burst (GRB) associated to this FRB was later called into question by the lack of any radio afterglow (Shannon & Ravi 2017) . However, admitting microphysical shock parameter values different from what is typically assumed for GRB afterglows, this GRB-FRB association remains plausible (Gao & Zhang 2017) . A similar search carried out by D16 for other FRBs that were promptly visible with BAT yielded only upper limits. Previous searches for high-energy counterparts to FRBs had ended up with lower limits to the radio/γ fluence ratio η frb > 10 7−9 Jy ms erg −1 cm 2 , incompatible with the upper limit η sgr < 10 7 Jy ms erg −1 cm 2 derived for the γ-ray giant flare of the Galactic magnetar SGR 1806-20 (Tendulkar et al. 2016) . Similarly, Scholz et al. (2017) analyzed the data of the Gamma-ray Burst Monitor (Meegan et al. 2009 ) aboard the Fermi Gamma-Ray Telescope and found nothing down to 10 −8 erg cm −2 in the 10-100 keV energy band in a 2-s window centered on the arrival times of four bursts of repeater FRB 121102. Reversing the approach, Palaniswamy et al. (2014) found no prompt radio pulses compatible with FRBs associated to five GRBs that were observed starting within 140 s of the γ-ray trigger time. No detections were reported from searches in the GeV domain using the Fermi Large Area Telescope (Atwood et al. 2009 ) for both one-off FRBs (Yamasaki et al. 2016; Xi et al. 2017 ) and repeaters Yang et al. 2019) . Analogous results were obtained at very high energies, above 100 GeV (H.E.S.S. Collaboration et al. 2017; MAGIC Collaboration et al. 2018) as well as for TeVPeV neutrinos coincident with FRBs (Aartsen et al. 2018; Albert et al. 2019) .
One of the open questions is whether a common family of progenitors is responsible for the observed population of FRBs, in particular one-off and repeating sources (Palaniswamy et al. 2018; Caleb et al. 2019) , or, as in the case of GRBs, at least two families are required to explain the long and short duration events respectively associated to the core collapse of some kind of hydrogen-stripped massive stars and to the merging of compact objects (see Kumar & Zhang 2015 for a review). Thus, the existence of repeating sources does not necessarily rule out the so-called cataclysmic models. A number of the proposed models that predict an associated high-energy emission invoke rapidly rotating young neutron stars (NS) and magnetars as progenitors (Katz 2014; Cordes & Wasserman 2016; Lyutikov et al. 2016) . Given also that in some models ms magnetars are supposed to form following the core-collapse that powers both long (Usov 1992; Thompson 1994; Bucciantini et al. 2007; Metzger et al. 2011 ) and short GRBs (Fan & Xu 2006; Metzger et al. 2008; Rowlinson et al. 2010; Gompertz et al. 2013) , as well as superluminous SNe (SLSNe; Nicholl et al. 2017; Metzger et al. 2017) , it is worth searching for hard X/γ-ray emission associated to FRBs. As with GRBs and SNe the study of the environments may potentially provide useful clues on the homogeneity of the FRB progenitors (Eftekhari & Berger 2017) .
Motivated by the results of D16, we exploited the sensitivity of the Gamma-Ray Burst Monitor (GRBM; Frontera et al. 1997 ) that operated as an open-sky detector in the energy band 40-700 keV aboard BeppoSAX (Boella et al. 1997 (Boella et al. ) in 1996 (Boella et al. -2002 . We carried out a detailed search for a highenergy counterpart to FRB 010724, the first reported FRB (Lorimer et al. 2007) , popularly known as the Lorimer burst: this was so bright that it saturated the Parkes multibeam receiver and was also detected in three other beams of the receiver. From an initial estimate of 150 Jy ms, its fluence has recently been revised to 800 ± 400 Jy ms (Ravi 2019) . Owing to its exceptional brightness, FRB 010724 might represent a discovery bias (Macquart & Ekers 2018) and may come from a space-limited population, whose local density would far exceed the cosmological one (Katz 2016) . Given its relatively low DM of 375 ± 3 pc cm −3 , evidence that this FRB might be relatively nearby is also provided by the brightness-dispersion correlation shown in the ASKAP sample (Shannon et al. 2018 ; see also Niino 2018) . In this respect, another example of low-DM/high-flux FRB is given by FRB 110214 (Petroff et al. 2019b) . We therefore discuss the implications of our results on the proposed associations as a function of the possible redshift compatibly with its DM. Hereafter, we assume the latest Planck cosmological parameters: H 0 = 67.74 km s (Table 1 ) and checked the availability of GRBM data at the time of each FRB along with its visibility (i.e., not Earthblocked). Only FRB 010724 passed the selection. Based on the direction of FRB 010724 with reference to the BeppoSAX frame, the expected signal for each of the four GRBM units is comparable with one another (Table 2) . From the BeppoSAX GRB catalog (Frontera et al. 2009 ) we used the response matrices of the GRB with the nearest local position (158
• , −46
• ) to that of the FRB (162 • , −43.5 • ), and for each unit we calculated the expected number of counts for both energy bands 40-700 keV and > 100 keV, assuming the same spectral models and γ-ray fluences found by D16 for FRB 131104 (Table 2) . No prompt BeppoSAX X-ray data are available for FRB 010724, since it lies outside the FOV of the Wide Field Cameras (Jager et al. 1997) .
We modeled the background rates for each unit and energy band by exploiting the GRBM data sharing the most similar configuration and that were acquired about one day before the FRB. A detailed description is reported in Appendix A.
RESULTS
In order to investigate a potential γ-ray counterpart, we assumed a fast-rise slow-decay pulse profile as modeled by Kocevski et al. (2003) so as to have the desired duration of ∼ 400 s. We chose the following parameters: rise and decay indices r = 2 and d = 3, respectively; peak time t m = 100 s and t 0 = 0. Normalizations were chosen so as to match the expected counts (Sect. 2) in the time interval from 0 to 400 s, comparable with the T 90 = 377 s of the Swift event. The resulting profiles are shown in Figure 1 with dashed lines, added to the background level, for the 40-700 keV channels of each of the detectors, as well as for the average of the four, which has the best signal-to-noise ratio (S/N). Specifically, blue and orange lines correspond to the best-fit power-law (hereafter POW) and thermal bremsstrahlung (hereafter TB) models, respectively. Furthermore, we integrated the backgroundsubtracted counts in the 0-400 s time intervals and found no significant (> 5σ) excess. The most constraining upper limit to the 40-700 keV fluence is obtained from the mean time profile: a total count fluence of 247 ± 273 turns into a 5σ upper limit of F γ (40 − 700) < 4.7 × 10 −6 erg cm −2 for the POW and F γ (40 − 700) < 7.1 × 10 −6 erg cm −2 for the TB model, accounting for the uncertainties on the best fit models. Assuming shorter γ-ray events and thus, integrating over shorter time intervals ∆t, we found no > 5σ excess, with the corresponding upper limits scaling approximately as √ ∆t. In particular, taking ∆t = 1 s, i.e. the time bin of the FRB, limits scale down by a factor of ∼ 19: F γ (40 − 700) < 2.5 × 10 −7 erg cm −2
and < 3.7 × 10 −7 erg cm −2 for the POW and TB models, respectively. Figure 2 shows the cumulative count fluence and corresponding values in physical units for a power-law spectrum (using Γ = 1.84, which gives the most conservative limit on fluence) as a function of the integration time, along with the 5σ upper limit. The most significant excess in 40-700 keV is 3.3σ around t = 14 s. However, inspecting the individual detector profiles from Figure 1 suggests that it is mostly due to unit 3 and due to the background modeling inaccuracy rather than a genuine signal.
Consequently, a γ-ray counterpart equal to that of FRB 131104 cannot be ruled out for the TB model, whereas the POW model is rejected. Moreover, assuming a similar radio-γ spectral slope as that found by D16, such a γ-ray counterpart is rejected with high confidence in the case of NOTE. -(φ, θ) is the direction with respect to the BeppoSAX payload reference frame (Frontera et al. 2009 ). The elevation angle is calculated with respect to the Earth limb. OP is the observing period, which identifies the data set in the BeppoSAX archive. a Reported by Zhang et al. (2019) . FRB 010724, given that the Lorimer burst has a radio fluence 340 ± 170 times as high as that of FRB 131104. This γ-ray upper limit is the most constraining value for the radio-to-γ fluence ratio yet obtained for an FRB: log 10 η > 8.2 for POW and log 10 η > 8.0 for the TB model. These values are ∼ 250 times higher than the value measured for FRB 131104, log 10 η = 5.8 ± 0.2 (D16). Taking the limit derived for the 1-s bin centered on the FRB, the same limits on η become log 10 η > 9.5-9.3 for the POW and TB models, respectively. For reference, we also considered the case of a power-law with Γ = 2 (Table 2): the most conservative upper limit changes only marginally.
As a further check, we exploited the 240-channel spectra continuously acquired by the GRBM units in the 40-700 keV energy band every 128 s (Frontera et al. 1997; Guidorzi et al. 2011) to investigate the possible presence of a signal in two energy bands: 40-100 and 40-200 keV, respectively. Figure 3 displays the corresponding 128-s light curves averaged over the four units (black) along with the analogous data of the background orbit (red). Although the poorer temporal resolution does not allow us to model the background as accurately as we did for the 1-s ratemeters, yet the comparison between the FRB orbit and the background orbit rates excludes the possibility of a relatively soft signal associated with the FRB. 4 . DISCUSSION We rule out a γ-ray transient event that is similar to Swift J0644.5-5111 for FRB 131104 (cf. D16). This is however assuming a power-law spectrum; the softer case of a thermal bremsstrahlung is only marginally excluded. A γ-ray signal, rescaled to the much higher radio fluence of the Lorimer burst, is also ruled out, regardless of the spectral mode. Therefore, if the association found by D16 is true, the Lorimer burst is intrinsically different and much more γ-ray quiet. Alternatively, the Lorimer burst was associated with an analogous γ-ray transient that was more collimated than the radio emission and that was not pointing towards Earth (e.g., Romero et al. 2016) .
For FRB 010724 the DM excess, i.e. the measured DM removed of the Galactic contribution, is DM E = 330 pc cm −3 (Petroff et al. 2016 ) and can be expressed as the sum of different terms: the intergalactic medium (IGM), the host galaxy (HG), and the local environment surrounding the FRB source:
Using the relation by Zhang (2018) z ∼ D IGM /(855 pc cm −3 ), an upper limit on redshift of z < 0.4 is obtained. Simulations suggest that the contribution of the host to the observed DM ranges from an average value of 45 pc cm −3 in the case of a dwarf galaxy all the way up to ∼ 142 pc cm −3 averaging over all inclination angles for a spiral (Xu & Han 2015) . adopting for DM HG the typical value expected for this kind of galaxies, the constraint on redshift becomes z 0.3. Using the typical value for a spiral, i.e. about half of DM E , the range shrinks to z 0.2. The same constraint holds assuming that half of DM E is due to the local environment of the FRB progenitor. Making no assumption on DM E , the energy of the radio pulse itself lies in the range 10 38 < E radio /erg < 6 × 10 42 , in line with what has been argued for other FRBs, although at least 10 times more energetic than the individual bursts of the repeater FRB 121102 (Gourdji et al. 2019) .
It is interesting to compare our limits on the γ-ray released energy with that of other astrophysical transients that have possible connections with FRBs. As shown in Figure 4 , based on our analysis, we rule out the following interpretations:
• a γ-ray spike due to an extragalactic magnetar giant flare with the same radio/γ-ray fluence ratio as that of the Galactic magnetar SGR 1806-20 (see also Tendulkar et al. 2016 );
• short GRBs with isotropic-equivalent energies E γ,iso > 10 50 erg, that are the majority of the observed population (10 49 -10 52 erg; Fong et al. 2015) ;
• the typical γ-ray emission of a cosmological long GRB, whose isotropic-equivalent energy ranges from ∼ 10 51 up to ∼ 10 55 erg (Tsvetkova et al. 2017 ).
On the other hand, we cannot reject the following scenarios:
• an extragalactic giant flare as energetic as the few ones observed in our Galaxy (3 × 10 44 -2 × 10 46 erg; Mazets et al. 1979; Feroci et al. 2001; Palmer et al. 2005; Hurley et al. 2005 ; orange region in Figure 4) , regardless of the radio/γ-ray spectral slope;
• a relatively weak short GRB (E γ,iso in the range 10 49 -10 50 erg) at z > 0.04 (D L > 180 Mpc);
• a sub-energetic short GRB at z > 0.01 (D L > 45 Mpc), such as GRB 170817A associated to GW 170817, the first binary neutron star (BNS) merger detected with gravitational interferometers (Abbott et al. 2017a) , which had E γ,iso = (5.3 ± 1.0) × 10 46 erg. This holds true regardless of whether the GRB is truly subenergetic or is a typical short GRB viewed off-axis, as was the case of GRB 170817A (Margutti et al. 2017 Alexander et al. 2017 Alexander et al. , 2018 Troja et al. 2017; Granot et al. 2017 ); -Top: emitted energy of the FRB (purple) and 5σ upper limits on the 400-s prolonged emission (lower boundary of the hatched region) and on the 1-s coincident with the FRB (dark blue). For comparison, also shown are the isotropic-equivalent energies of the extended emission often associated to short GRBs (yellow), which is roughly as energetic as the short GRB itself, the sub-luminous short GRB 170817A associated to the double NS merger GW 170817 (green), magnetar giant flares (orange). Bottom: DM (red) due to the combination of the host galaxy (HG) and the local environment around the source (loc), estimated subtracting the IGM contribution from the excess DM, as a function of redshift. The maximum value of z = 0.4 corresponds to the case where all of the DM in excess of the Galactic value is due to the IGM. Also shown are the mean values of the expected DM due to the sightline within the host galaxy for two different kinds, dwarf and spiral galaxies, from simulations by Xu & Han (2015) .
• the presence of the so-called extended emission (EE) that characterizes some short GRBs. This is a faint, long-lasting (∼ few hundred seconds) hard X/γ-ray tail following the initial spike (Lazzati et al. 2001; Montanari et al. 2005; Norris & Bonnell 2006) , whose isotropic-equivalent energy is in the range 10 48 -10 51 erg (Kisaka et al. 2017 ; yellow area in Fig. 4 );
• the so-called low-luminosity (ll) long GRBs (Kulkarni et al. 1998; Campana et al. 2006; Waxman et al. 2007 ) having E γ,iso ∼ 10 48 -10 50 erg. ll-GRBs probably represent a separate family (Liang et al. 2007; Amati et al. 2007; Virgili et al. 2009; Wanderman & Piran 2010; Howell & Coward 2013) and are possibly the result of a relativistic shock breakout (Nakar & Sari 2012 ).
Further considerations on the possible association between FRBs and GRBs and the other classes mentioned above are based on the relative volumetric rates. Although the FRB rate does depend on the redshift distribution, which is essentially unknown, yet using DM E as a proxy for distance and assuming that the observed population is uniformily distributed within z 1, a rate of 10 4 Gpc −3 yr −1 is obtained Scholz et al. 2016; Crawford et al. 2016 ), which is not too different from the local one of Ib/c SNe (Dahlen et al. 2004; Li et al. 2011; Cappellaro et al. 2015) . Our conjecture that long (i.e., not ll-) cosmological GRBs are not associated with the Lorimer burst is consistent with the different local volumetric rate of GRBs: 1.3 b than for long GRBs; Soderberg et al. 2006; Liang et al. 2007 ) is also significantly lower than that of FRBs.
CONCLUSIONS
Motivated by the possible and controversial detection of a transient hard X/γ-ray source positionally and temporally compatible with FRB 131104, we considered the brightest Lorimer FRB and examined the data of BeppoSAX/GRBM, one of the most sensitive instruments that in principle could have detected any simultaneous emission in the keV-MeV band. A previous upper limit on the γ-ray fluence of 2 × 10 −7 erg cm −2 in the Konus/WIND passband was already adopted in the past (Tendulkar et al. 2016 ). However, this value is not the outcome of any specific data analysis, but merely corresponds to the lowest fluence detected in the Konus/WIND GRB catalog: this is because (i) the detection efficiency in the lowest end of the fluence distribution is likely to be significantly below 1; (ii) the typical duration of a GRB is one order of magnitude less than the transient signal possibly associated with FRB 131104; (iii) no specific analysis in that energy band at the time of the Lorimer burst has been reported yet. Based on our analysis we rule out a γ-ray counterpart for the Lorimer burst with the same radio/γ-ray fluence ratio as that of FRB 131104. Furthermore, the combination of a very high specific flux and a relatively low DM strongly suggests this FRB to be a relatively nearby FRB. We used our fluence upper limits to investigate a possible relation of FRB sources with other classes of transient phenomena. We rule out an extragalactic magnetar flare analogous to that of the Galactic source SGR 1806-20, as well as a typical long GRB. Instead, a low-luminosity GRB or a sub-energetic short GRB (such as a standard short GRB viewed off-axis, as was probably the case of GRB 170817A associated to the first binary NS merger) cannot be excluded. These results, along with the comparison of the relative volumetric rates of the corresponding populations, do not rule out the possible association of FRBs with either binary NS mergers or with ll-GRBs, which, however, looks incompatible with a naive one-to-one correspondence.
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